AbstractÐThe eect of hydrogen on the interaction between dislocations and other elastic centers (impurity atoms and dislocations) in 310 S stainless steel and high-purity aluminum has been directly observed during deformation experiments in situ in an environmental cell transmission electron microscope. In 310 S stainless steel, the presence of hydrogen was observed to reduce the elastic interactions between obstacles and perfect and partial dislocations; thus, enhancing the mobility of the dislocations. In high-purity aluminum, the introduction and removal of hydrogen from the system was observed to cause a reversal in the direction of motion of the dislocations piled up against a barrier; consistent with a reduction of the elastic interactions by solute hydrogen. These observations provide direct support for the hydrogen shielding mechanism that has been proposed to account for the observed hydrogen-enhanced mobility of dislocations. # 1997 Acta Metallurgica Inc.
INTRODUCTION
Macroscopic observations of the eects of hydrogen on the mechanical properties of materials have shown that hydrogen reduces the elongation to failure and fracture toughness, and changes the fracture mode from a ductile to a``brittle'' failure. Studies of the eect of hydrogen on the macroscopic¯ow stress due to the presence of hydrogen in solid solution have yielded con¯icting results; a decrease in the¯ow stress has been reported in Fe [1±3] , in Al [4] and in Ni [5] , while an increase has been found by others in Ni [6] , in Fe [7±9], in Al [10] , in mild steel [7, 8] , and in stainless steels [11± 13] . Birnbaum [14, 15] has suggested that this discrepancy may be attributed to the damage (generation of a surface phase or a high density of dislocations) that is produced by some of the methods used to introduce hydrogen. In studies where a decrease in the¯ow stress has been found, considerable eort was expended to avoid this surface damage. It is generally agreed that the decrease in the¯ow stress can be attributed to hydrogen enhancing the dislocation mobility, although dierent mechanisms have been proposed to explain the enhancement. Mechanisms proposed to explain the enhancement include: an increase in the kink nucleation rate, a decrease in the Peierls±Nabarro barrier [1, 2] , a decrease in the eectiveness of solutes as barriers to dislocation motion due to clustering of solute atoms and a decrease in the interaction between dislocations and other elastic centers due to hydrogen [16±18] . In Ni and Ni±C alloys [19] it has been found that solute hydrogen decreases the activation area and the activation enthalpy, which control the thermal activation of dislocations over barriers. These results are consistent with hydrogen causing an increase in the dislocation velocity.
At the microscopic level, the introduction of hydrogen has been reported to increase the velocity of perfect (edge, screw and mixed) and partial dislocations in a number of systems with dierent crystal structures [20±29], and to promote slip localization and slip planarity [4, 30±35] . In general, the eects of hydrogen on the¯ow stress and dislocation mobility appear to be more pronounced at low strain rates and at high hydrogen pressures (corresponding to high concentrations of solute hydrogen).
The range of crystal structures in which this hydrogen enhancement of dislocation mobility has been directly observed suggests that the mechanism must be general. This hypothesis is supported by the observations that hydrogen enhanced dislocation velocities have been observed for edge, screw and mixed dislocations and in high purity metals as well as in alloys. Of the proposed mechanisms, the only one which is independent of crystal structure and purity of the material is the hydrogen shielding mechanism [16±18] in which the presence of an hydrogen atmosphere around the dislocation shields its interaction with other elastic centers such as dislocations, solute atoms, etc.
In this paper we describe in situ environmental cell TEM experiments which directly support the concept that hydrogen shields the elastic interactions between dislocations and other elastic stress centers.
EXPERIMENTAL PROCEDURE
Two materials were used for these experiments: a stable austenitic stainless steel of commercial grade AISI 310 S, with the chemical composition given in Table 1 , and pure (99.999%) aluminum. The stainless steel was received as a 150 mm rolled sheet with an ASTM grain size 7 and approximately 8000 inclusions cm À2 with sizes ranging from 1 to 10 nm. The high-purity aluminum was received as-cast in the form of an ingot, and was cold rolled to sheet form.
For the in situ TEM deformation experiments, the samples were rectangular with dimensions of 10 mm Â 3 mm and 150 mm in thickness. After fabrication, the samples were annealed in vacuum for 15 min at 10608C and 30 min at 808C for the stainless steel and aluminum, respectively, and then quenched in vacuum oil. The central portion of these rectangular samples was thinned to electron transparency in a jet polishing apparatus. For the stainless steel, the electrolyte was 590 ml methanol, 350 ml m-butanol and 60 ml perchloric acid and the thinning procedure was performed at À108C, at a voltage of 25/30 V and a current of 0.10/0.15 A. For the aluminum samples the electropolishing conditions were: 1:4 nitric acid:water electrolyte at À108C, at a voltage of 6/7 V and a current of 0.6 A. After jet polishing, the samples were immersed in methanol and then observed in the optical microscope to determine the surface quality. A thin ®lm of Pd was evaporated onto the rectangular specimens within a few hours after thinning, in order to assist the entry of hydrogen in the subsequent experiments. The electron transparent regions were protected during this procedure.
The in situ deformation experiments were performed in a JEOL 4000 Environmental Cell transmission electron microscope [36, 37] . In this instrument, a gas environment can be maintained around the sample, allowing direct observation at a high spatial resolution of the role played by hydrogen during deformation experiments.
To study the eect of hydrogen on the interaction between dislocations, specimens were deformed in tension under vacuum using a single-tilt straining stage, to allow formation of dislocation pileups. Hydrogen gas was gradually introduced into the environmental cell up to pressures of 95 torr while maintaining a constant load on the specimen. (The hydrogen fugacity at the sample surface is signi®-cantly enhanced due to dissociation of the hydrogen molecule and ionization of the hydrogen atoms by the electron beam [38] ). Behavior of the dislocations in the pileups was recorded on videotape. After hydrogen equilibration in the specimen was reached, hydrogen was removed from the environmental cell again while maintaining the external load constant. The aim was to observe the degree and extent of motion of the dislocations during hydrogen introduction and removal. It was important to observe dislocation motion in the pileup prior to introduction of hydrogen gas to ensure the state of stress acting on the pileup was suitable for these observations.
Distances between dislocations in a pileup were measured in both, two-beam bright-®eld and dark®eld weak-beam images. Images were recorded on videotape and then acquired by using image analysis software (NIH image). This procedure digitizes the image with a resolution of approximately 70 dpi. The distance moved by the dislocations was measured from a composite image formed by superimposing consecutive images.
EXPERIMENTAL RESULTS
The eect of hydrogen on an arrangement of perfect dislocations in 310 S stainless steel is shown in Figs 1 and 2 , where the dislocations are piled-up against a grain boundary which acts as an obstacle to further slip. The dislocation con®guration shown in Fig. 1 (a) was obtained by deforming the specimen in vacuum and re¯ects the equilibrium con®guration under stress. Under a constant load, hydrogen gas was gradually introduced into the environmental cell. Figure 1 (b)±(f) show a sequence of micrographs taken during hydrogen charging to the pressures indicated on the images. The dislocations move forward towards the grain boundary with increasing hydrogen pressure. (This movement of dislocations is due to hydrogen in solution and not simply to the introduction of a gas into the environmental cell as other gases did not show the same eect). This change in relative position as hydrogen is added is better illustrated in Fig. 2 , which is a composite image formed by superimposing an image (black dislocations) of Fig. 1(a) on a negative image (white dislocations) of Fig. 1(f) . Clearly, all the dislocations in the array have moved forward, and the separation distances between them have decreased. The changes in the separation distances are quanti®ed in Fig. 3 , in which the dislocation separation distances in vacuum vs hydrogen are presented. Clearly, all pairs of dislocations move closer together as the hydrogen pressure increases. The separation distance between the dislocation pairs before and after hydrogen introduction does not, as would be expected from the theory of pileups [39] , monotonically increase with distance from the grain boundary. For example, the separation distance between dislocations 1 and 2 (1/2 in Fig. 3 ) is larger than that between dislocations 4 and 5 (4/5 in Fig. 3 ), which are further away from the grain boundary. Figure 4 depicts the distance moved by the dislocations in the array for dierent pressures of hydrogen gas as a function of their initial distance from the grain boundary. Displacement of the dislocations did not occur until the hydrogen pressure exceeded about 70 torr. At a pressure of 90 torr of hydrogen gas, the extent of motion is larger for dislocations further away from the boundary.
On removal of hydrogen from the environmental cell the dislocations remained at the positions attained under the stress and high hydrogen solute concentrations, i.e. the position attained in Fig. 1(f) . In cases where dislocations were still in motion under constant stress in an hydrogen environment, removal of hydrogen from the cell and the specimen, caused the dislocations to reduce their velocity or even to cease their motion. Reintroduction of the hydrogen gas into the environmental cell, and hence of solute hydrogen to the sample, caused the dislocation velocity to increase once again.
An example of the eect of hydrogen on the interaction between dislocations stopped by a grain boundary barrier in high-purity Al is shown in the series of micrographs presented in Fig. 5 . In this sequence, an array of dislocations under constant stress is shown with dislocations labeled 1 and 2 on the same slip plane and dislocation 3 on a parallel slip plane. Figure 5 (a)±(e) show the sequence of events during the introduction of hydrogen gas into the environmental cell. Motion of the dislocations takes place towards the grain boundary barrier located to the left of the images. The motion of dislocation 1 is dicult to assess from this series of micrographs, but the increase in separation distance between dislocations 2 and 3 on adding hydrogen can be easily seen. On removing hydrogen from the cell [ Fig. 5(f)±(i) ], all three dislocations moved in the reverse direction (towards the right), as can be noted by comparing the curvature of the dislocation lines with those shown in Fig. 5(a) . Reintroduction of hydrogen into the environmental cell [ Fig. 5(j) and (k)], re-initiated dislocation motion in the forward direction (i.e. towards the left). This is particularly evident by observing the separation distance between dislocations 1 and 2.
The reversal of the direction of the dislocation motion on the introduction and removal of hydrogen can be seen in the composite image shown in Fig. 6 . This image was formed by superimposing a positive image of the starting con®guration (black dislocation lines) and a negative image of the ®nal con®guration (white dislocations). Figure 6 (a) shows that on increasing the hydrogen pressure from 15 torr (black dislocations) to 76 torr (white dislocations) of hydrogen gas, the dislocations are displaced in the forward direction, towards the dislocation barrier. After several minutes in 76 torr of hydrogen gas, the environmental cell was depressurized to approximately 9 torr and the dislocations moved in the opposite direction, Fig. 6(b) . Increasing the pressure in the environmental cell to 76 torr of hydrogen gas, again caused the dislocations to move in the forward direction, Fig. 6(c) . These observations show that in high purity aluminum, the eect of hydrogen on the direction of motion of dislocations in a pileup is reversible.
Introduction of hydrogen can also aect the motion of partial dislocations bounding stacking faults. An example of this is shown in Fig. 7 , which shows weak-beam dark-®eld images of partial dislocations bounding stacking faults (SF) in 310 S stainless steel. The bounding partial dislocations under stress moved forward when hydrogen gas is introduced; compare Fig. 7(a) and (b) . This motion is better illustrated in Fig. 7(c) , in which a negative image (black dislocation lines) taken with hydrogen present is superimposed on a positive image (white dislocation lines) taken before the introduction of hydrogen gas. Removal of hydrogen gas from the environmental cell under a constant load, did not cause any reversal of the motion of the partial dislocations, even after waiting for a signi®cant time to allow for outgassing of hydrogen from the sample. Fig. 4 . Displacements of dislocations as a function of hydrogen gas and initial distance from the grain boundary. The dislocations correspond to the array shown in Fig. 1 .
DISCUSSION
The results obtained from in situ TEM straining experiments (Figs 1±7), clearly show that solute hydrogen decreases the elastic interactions between dislocations and other obstacles which impede their motion. A signi®cant dierence was observed in the behavior of dislocations in high-purity aluminum and in 310 S stainless steel, namely, the direction of motion of the dislocations reversed when hydrogen was removed from the Al but not from the 310 S stainless steel. These results can be discussed in the context of the several mechanisms which might account for hydrogen enhanced dislocation mobility.
We ®rst consider the eect of hydrogen on the elastic moduli of the material and the consequent eect on the interaction of dislocations with barriers. The radial interaction force per unit length between dislocations can be given by:
where W 12 /L is the interaction energy between two parallel straight dislocations, r the separation distance between dislocations, m the shear modulus, b 1 and b 1 the Burgers vectors of the dislocations, n Poisson's ratio, and x the unit vectors along the dislocations [39] . Thus, the force between the dislocations will re¯ect changes in the elastic moduli induced by hydrogen. The eect of hydrogen on the elastic constants has not been widely investigated, although an increase has been reported for the addition of solute hydrogen to Nb, Ta and V [40, 41] and a decrease for deuterium in Pd [42] . For the case of stainless steels, the eect of hydrogen on the elastic constants has been studied by a few groups [43, 44] , but the ®ndings have been inconclusive. Recently, Usui and Asano [45] , claimed to have removed these inconsistencies and reported an increase in Young's modulus in a hydrogen charged Fe±Cr±Mn austenitic stainless steel. An increase in E and m due to solute hydrogen would increase the elastic force between dislocations and cause an increase in the separation distance between dislocations in a pileup. This is in contrast to the experimental observations which show a decrease in the separation distance between dislocations in pileups on adding solute hydrogen. In any case, the changes in the dislocation spacings are of the order of 10% whereas the changes in the shear moduli for the low hydrogen concentrations used in the present experiments (estimated from hydrogen solubility data) are much less than 1%. Hydrogen-induced softening in high-purity iron has been attributed to hydrogen reducing the magnitude of the Peierls±Nabarro stress and to an enhancement of the double kink nucleation rate [1, 2] . This mechanism is not able to explain the microscopic observations of the eect of hydrogen on dislocations which are observed in f.c.c. [24± 28], h.c.p. [29] and b.c.c. [22, 23] systems, whereas the Peierls±Nabarro potential is expected to be important only in b.c.c. systems. Hydrogen induced changes in the magnitude of the Peierls±Nabarro barrier cannot explain the observation that, in highpurity aluminum, the direction of motion of the dislocations can be reversed when hydrogen gas is added to and removed from the system.
The eect of hydrogen on shielding the elastic interactions between dislocations and obstacles (solutes, dislocations, etc.) has been shown to decrease the elastic interaction forces and interaction energies between dislocations and between dislocations and point defects [16±18] . Using the analytical method outlined by Sofronis et al. [16, 17] , hydrogen shielding calculations were performed for the case of two parallel edge dislocations lying on the same slip plane at room temperature. The results are shown in Fig. 8 , in which the normalized shear stresses for the elastic interactions, are plotted as a function of the normalized separation distance between the dislocations. The calculation was performed for a nominal hydrogen concentration of 9 Â 10 À3 H/M. This concentration was estimated for a hydrogen pressure of 40 torr and assumes that the hydrogen fugacity at the specimen surface has been increased to 5.7 Â 10 6 torr due to the dissociation and ionization of the hydrogen molecule by the electron beam [38] . As shown in Fig. 8 , the eect of hydrogen on decreasing the repulsive shear stress between dislocations is relatively short range; the shear stress decreases by about 35% for a dislocation separation distance of 3b and 8% for 20b. Since the spacing between dislocations in a pileup depends linearly on the forces between them, a decrease in the repulsive force of between 35 and 8% in the range (r/b) = 3±20 results in a variation in the separation distance between dislocations of the same order. The results reported herein show that in 310 S stainless steel, hydrogen has a signi®-cant aect on dislocation spacing at distances greater than 20b, indicating that hydrogen shielding of the dislocation±dislocation interactions cannot, by itself, account for the observations. Hydrogen shielding of the dislocation strain ®eld also reduces its interaction energy with other elastic centers such as impurity atoms thereby decreasing the stress required to move the dislocations [ 16± 18, 48] . Solute pinning is evident in the 310 S stainless steel as the separation distances between dislocations in the pileups do not conform to the theoretical distribution [39] and the direction of motion of the dislocations is not reversed when hydrogen is removed from the material. These observations suggest that in 310 S stainless steel and in aluminum it is the reduction of the dislocation± solute interaction that is the major eect in determining the extent of the forward motion of dislocations in the pileups studied.
The in¯uence of solute hydrogen on the motion of dislocations can be understood as follows: on the introduction of hydrogen into stainless steel the hydrogen shielding decreases the repulsive force between dislocations in the pileup and the interaction energy between dislocations and solute pinning points. Both eects allow the dislocations to move towards the barrier and their equilibrium positions. Removal of the hydrogen removes the shielding of the stress ®elds, increasing the repulsive forces between the dislocations and providing the restoring stress to move the dislocations away from the barrier. Since, as discussed above, the major hydrogen eect is on solute pinning, complete recovery of the dislocation positions is unlikely to occur due to the increased pinning of the dislocations when hydrogen is removed. The recovery of position is expected to be larger in high-purity aluminum as solute pinning of the dislocations is much less important and the positions of the dislocations in the pileup are closer to that expected from the internal and applied stresses. 
CONCLUSION
Based on direct observations of dislocation arrangements in pileups it was shown that solute hydrogen reduces the elastic interactions between dislocations and elastic centers which act as barriers, such as nearby dislocations and solute pinning points. À6 m 3 mol À1 [46] . The calculation assumed one interstitial site per solvent atom, dH v /O = 0.2 [47] , where dH v is the volume expansion per hydrogen atom and O is the atomic volume of the solvent atom.
